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introduction
There is accumulating evidence that allogeneic hematopoietic stem cell transplantation (alloSCT) with reduced-intensity conditioning (RIC) can be an effective treatment of chronic lymphocytic leukemia (CLL) and may provide longterm disease control in otherwise poor-risk disease as defined by clinical or biological indicators [1] [2] [3] [4] [5] [6] . However, the information available to date about the efficacy of RIC alloSCT is entirely derived from uncontrolled phase II trials. Although the results of these trials are very suggestive, it is unclear to what extent alloSCT indeed can impact the natural history of the patient population with aggressive CLL, and what its overall clinical value for the treatment armory of CLL might be.
Comparative studies addressing this question are sparse. A small case-control series showed that survival from first treatment indication was significantly better in patients undergoing alloSCT during the course of their disease than in controls who were matched for age and time to first treatment but were not transplanted [7] .
Here, we present the first donor versus no-donor comparison in CLL. Based on a patient sample meeting homogeneous criteria for high-risk disease, we analyzed if alloSCT can improve the outcome of poor-risk CLL if measured in a population with transplant indication rather than in patients who already have undergone transplantation. The results-albeit preliminary-suggest that alloSCT may prolong the survival of patients with aggressive CLL as defined by the European Group for Blood and Marrow Transplantation (EBMT) criteria [8, 9] .
patients and methods study design and patient eligibility
Included in this retrospective single-center analysis were consecutive patients who were referred to the University of Heidelberg for evaluation of alloSCT for treatment of CLL between June 2005 and June 2012. Patients were recommended to have a donor searched if they were 70 years or younger, otherwise eligible for alloSCT, and if they had a history of Richter's transformation or met at least one of the three EBMT consensus criteria. The EBMT consensus criteria for poor-risk CLL justifying consideration of alloSCT include symptomatic disease with a p53 abnormality, fludarabine-refractory disease, and early relapse after intensive pretreatment [8] . The study population consisted of all patients who agreed to donor search, had a compatible donor found within 3 months, and were alive 3 months after start of donor search. A compatible donor was defined as a 10 of 10 or 9 of 10 high-resolution human leucocyte antigene (HLA-) matched related or unrelated donor. The control population consisted of all patients for whom no compatible donor was identified within 3 months after start of search (irrespective of a possible donor identification and alloSCT later on), and who were alive at the 3-month landmark.
Primary end point was overall survival (OS) calculated from the 3-month landmark after start of donor search. All patients gave written informed consent to donor search, the scientific evaluation of the data generated subsequently to donor search, and to alloSCT if applicable. Data analysis was approved by the Institutional Review Board.
definitions Fludarabine-refractory disease was considered to be present in patients with nonresponse or relapse within 6 months after the last cycle. An early relapse was defined as relapse after intensive treatment such as fludarabine, rituximab (FR); fludarabine, cyclophosphamide, rituximab (FCR); pentostatin, cyclophosphamide, rituximab (PCR); bendamustine, rituximab (BR); or rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone (R-CHOP) later than 6 months but within 2 years. A p53 abnormality was defined by a deletion or mutation of the TP53 gene on chromosome 17 [10] . For HLA matching the HLA loci A, B, C, DRB1, and DQB1 were analyzed. Both antigen and allele mismatches were counted against 10/10 identity.
statistical analysis
Kaplan-Meier product-limit estimates were used to assess the probability of OS and progression-free survival (PFS). Events for OS were defined as death from any cause. Events for PFS were defined as relapse, progression, or death from any cause, whatever came first. Median follow-up was estimated using the reverse Kaplan-Meier estimate [11] . Survival curves were compared using log-rank tests. Fisher's exact test was used to compare categorical factors between groups of patients. For continuous variables, the MannWhitney test was applied. For multivariate analysis of OS from the 3-month landmark, a stratified Cox proportional hazard model was carried out using EBMT risk categories as strata. For multivariate analysis of OS of all patients with donor search, calculated from search initiation, a stratified AndersenGill model [12] was applied to account for alloSCT as time-dependent intervention, again using EBMT risk categories as strata. For assigning individual patients to an EBMT risk category, a hierarchical procedure was followed by giving p53 abnormalities priority over fludarabine refractoriness and early relapse after intensive therapy, and fludarabine refractoriness priority over early relapse after intensive therapy. If the patient had a history of Richter's transformation, he was assigned to the Richter's transformation category irrespective of the presence of the other three risk factors. Calculations were done using GraphPad Prism software (release 5.0; San Diego, CA), and the statistical computing language R (version 2.15.2: R Foundation for Statistical Computing, Vienna, Austria). Significance levels were set at 0.05. Data were analyzed as of 12 September 2012.
results patient flow and donor search results
Altogether 137 patients met the eligibility criteria for this study. After exclusion of three patients in whom the diagnosis of CLL could not be confirmed, an indication for donor search initiation according to the EBMT consensus criteria was seen in 113 (84%) of the 134 remaining patients ( Figure 1 ). Since five patients refused search, one turned out to have limiting comorbidities, and two patients were lost to follow-up at this stage, donor search was actually started in 105 patients. Within 3 months after start of donor search, six patients died because of progressive disease (PD), one patient refused alloSCT, and one additional patient was lost to follow-up, leaving 97 patients assessable for donor search results at the 3-month landmark. For 83 (86%) patients of these, donor search was successful, while for 14 (14%) patients, a compatible donor could not be found within 3 months. There were no significant differences between patients with and without a donor in terms of age, gender, stage, time from diagnosis, number of previous treatment regimens, and remission status at referral, but the proportion of patients meeting hierarchical risk category 3 (fludarabine refractory) was significantly higher in the no-donor group (Table 1) . Sixty-three of the 83 (76%) patients with positive donor search were actually transplanted (supplementary Table S1 , available at Annals of Oncology online). Twenty patients (24%) did not proceed to transplantation because of disease progression (eight), refusal (five), donor health problems (three), emerging comorbidities (two), toxicitiy of the salvage therapy (one), or were waiting for transplant at the time of data cutoff for this analysis (one). On the other side, 6 of the 14 (43%) patients of the no-donor group were subsequently transplanted with donors identified later than 3 months (3) or donors with more than one mismatch (two donors with two mismatches and one donor with three mismatches). These six patients were counted for the no-donor group in all landmark evaluations.
outcome No follow-up was available for three patients with search indication and five patients without indication. OS of the 110 patients with search indication for whom follow-up was available was 68% [95% confidence interval (CI) 59% to 78%) at 2 years from referral and, thus, inferior to the 93% (95% CI 82% to 100%) survival of the 16 assessable patients without search indication (hazard ratio 2.3, 95% CI 0.98-5.39; P = 0.054; supplementary Figure S1 , available at Annals of Oncology online).
With a median follow-up of 28 months, 2-year survival of the 83 patients for whom a compatible donor could be identified within 3 months was 78% (95% CI 69% to 88%) compared with 55% (95% CI 34% to 90%) in the 14 patients without such a donor (Hazard ratio 0.38, 95% CI 0.17-0.85; P = 0.014; Figure 2A ). Estimated median survival in the no-donor group was 30.6 months, but not reached in the donor group. There was no significant survival difference between the three EBMT risk categories, but patients with Richter's syndrome did significantly worse (P = 0.046). The survival benefit of patients with a donor remained significant after multivariate adjustment for possible prognostic covariates stratified for EBMT risk categories ( Table 2 ). The only other variable significantly predicting (unfavorable) OS from the 3-month landmark was a high number of pretreatment lines, whereas age and remission status at referral had no significant impact. The risk reduction conferred by having a donor did not change when those four patients who had an indication but refused donor search and could be followed up for three months or more were included in the no-donor group (hazard ratio 0.34, 95% CI 0.17-0.70; P = 0.002; supplementary Figure S2 , available at Annals of Oncology online). Multivariate Andersen-Gill modeling to account for alloSCT as time-dependent intervention also confirmed the favorable effect of alloSCT in the donor group on OS (supplementary Table S2 , available at Annals of Oncology online). Causes of death are summarized in (supplementary Table S3 , available at Annals of Oncology online). Two-year survival of those patients of the donor group who actually were transplanted was 88% (95% CI 80% to 97%; n = 63) and, thus, significantly superior over the 2-year survival of those patients who did not manage to proceed to alloSCT (38%, 95% CI 20% to 75%; n = 20). The hazard ratio was 0.12 (95% CI 0.04-0.32; P < 0.0001) ( Figure 2B ). Two-year PFS from the 3-month landmark of the 63 allografted patients of the donor group was 62% (95% CI 50% to 78%). In contrast, the six patients who subsequently underwent alloSCT in the no-donor group did not have a significantly different risk of dying compared with those eight patients who were not allografted (hazard ratio 0.79, 95% CI 0.21-2.99; P = 0.72).
discussion
Although alloSCT is a recommended treatment option for eligible patients with poor-risk CLL [8, 9, 13] , to date there is no evidence from comparative studies that alloSCT is indeed superior to alternative nontransplant treatments, and there is no information about the chances of proceeding to transplant once these poor-risk criteria are met. Apart from the case-control series already mentioned [7] , a survival advantage of alloSCT over nontransplant strategies in patients with relapsed CLL was concluded from a systematic meta-analysis using a Markov decision model [14] . Owing to its virtual design, however, this type of study has substantial limitations.
Against this background, we aimed at providing comparative evidence for the potential superiority of alloSCT over alternative strategies in poor-risk CLL by performing a retrospective donor versus no-donor study. Similar to data obtained in other hematological malignancies [15, 16] , the results consistently show that having an HLA-compatible related or unrelated donors indeed can at least halve the mortality of poor-risk CLL, and that the beneficial effect of having a donor is entirely due to the superior outcome of those patients who actually can undergo alloSCT ( Figure 2B ). The only other variable significantly affecting survival was extensive pretreatment (Table 2 and supplementary Table S2 , available at Annals of Oncology online), highlighting the necessity of referring patients with transplant indication to specialized centers early.
However, this study has several limitations. Apart from the drawbacks of the retrospective design, the selection bias inherent to referral for transplant, and the fact that this is one single analysis from a single center, it is obvious that the 'control arm' is relatively small. Nevertheless, with a median OS of 30 months, the outcome of the no-donor group is within the range reported for pharmacological treatments in patients with poor-risk CLL [17] [18] [19] [20] [21] . Similar to some of these trials [18, 21] , our no-donor group contained a proportion of patients who were finally transplanted with mismatched and/or 'late' grafts. However, this subset had no negative impact on the outcome of the no-donor group and actually contained the only long-term disease-free survivors in the control group. Accordingly, the significant survival difference between donor and no-donor group remained when the allografted subset was excluded from the no-donor group (supplementary Figure S3 , available at Annals of Oncology online). Moreover, extending the control group to those patients who were otherwise eligible but refused donor search even strengthened the significance of the survival benefit of the donor group. Finally, multivariate Andersen-Gill modeling to account for alloSCT as time-dependent intervention also confirmed the favorable survival effect of alloSCT from a donor meeting the eligibility criteria of this study.
Another point to consider is that the outcome of the actually transplanted patients in the donor arm was relatively good with 2-year OS and PFS of 88% and 62%, respectively. An explanation for this may be a favorable patient selection because patients with higher comorbidity score were virtually absent from both the donor and the no-donor group. However, all other patient characteristics were not apparently different from those reported for the prospective studies [1] [2] [3] [4] [5] [6] . Furthermore, besides a positive effect of center experience [22] , disease control in the transplanted patients might have been improved by the aggressive MRD-driven immune modulation employed in our institution albeit this has not been investigated systematically yet [23] . Finally, the exclusion of potentially unfavorable mismatched or delayed donors caused by the landmark design of the present study could have contributed to the good results of our allografted patients.
On the other hand, strengths of our study are (i) the consistent use of the EBMT criteria as an accepted standard for poorrisk CLL defining the eligibility for inclusion, (ii) a valid control group restricted to transplant-eligible patients meeting these criteria, and (iii) the landmark approach for excluding deaths before donor search termination from the analysis in order to avoid imbalances disadvantaging the no-donor group. Moreover, another unique feature of the present study is its intent-to-treat design, allowing for the first time to determine the proportion of patients with CLL in a defined high-risk setting who actually are capable of proceeding to alloSCT. This figure (which was exactly 60% here) has to be taken into account when the real effect of alloSCT on the prognosis of poor-risk CLL is calculated, implying that the survival probability of the 105 patients for whom search was started (and thus were intent-to-transplant) was 51% (95% CI 34% to 65%) at 5 years after start of search. It is intriguing that the survival of the donor group was at no time inferior to that of the no-donor group, implying that the superior disease control provided by allografting is never counteracted by the NRM risk associated with alloSCT. This notion is further substantiated by the fact that mortality due to CLL progression before intended transplant was higher than transplant-related mortality in this high-risk selection.
In summary, this study provides the first comparative evidence that alloSCT indeed can significantly improve the prognosis of transplant-eligible patients with poor-risk CLL as defined by the EBMT criteria. Although limited by its retrospective character and the fact that this is just one single analysis from a single CLLexperienced transplant center, this study may serve as blueprint and rationale for validation in multicenter settings. Such efforts would be particularly important in the light of upcoming new treatment options for poor-risk CLL, namely novel agents targeting the B-cell signaling pathway [24] . Although B-cell receptor kinase inhibitors such as ibrutinib and idelalisib as well as BCL-2 antagonists show promising response rates in poor-risk CLL [24] [25] [26] , it remains to be shown if these novel tools may alter the definition of high-risk CLL justifying alloSCT indication. 
